MicroRNAs (miRNAs) are small RNAs that play a regulatory role in numerous and diverse eukaryotic cellular processes. Virus-encoded miRNAs have garnered much interest, although the functions of most remain to be deciphered. To date, readily detectable, evolutionarily conserved natural miRNAs have only been identified from viruses with DNA genomes. Combined with the fact that most miRNAs are generated from endonucleolytic cleavage of longer transcripts, this finding has led to a common conception that naturally occurring RNA viruses will not encode miRNAs to avoid unproductive cleavage of their genomes or mRNAs. Here we demonstrate that the bovine leukemia virus (BLV), a retrovirus with an RNA genome, encodes a conserved cluster of miRNAs that are transcribed by RNA polymerase III (pol III). Thus, the BLV miRNAs avoid the conundrum of genome/mRNA cleavage because only the subgenomic pol III transcripts are efficiently processed into miRNAs. BLV infection is strongly associated with B-cell tumors in cattle. Because most cells in BLV-associated tumors express little viral mRNAs or proteins, exactly how BLV contributes to tumorigenesis has remained a decades-long unsolved mystery. One BLV miRNA, BLV-miR-B4, shares partial sequence identity and shared common targets with the host miRNA, miR-29. As miR-29 overexpression is associated with B-cell neoplasms that resemble BLV-associated tumors, our findings suggest a possible mechanism contributing to BLV-induced tumorigenesis.
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mir-29a | mir-943 | chronic lymphocytic leukemia | noncoding RNA M icroRNAs (miRNAs) are small ∼22-nucleotide regulatory RNAs encoded by most Eukaryotes and some viruses (reviewed in refs. [1] [2] [3] . To date, almost all viral miRNAs described derive from viruses with DNA genomes. There are several reports that one RNA virus (HIV, a retrovirus) might encode miRNAs, but the relevance of these reports remains controversial (4) . Independent laboratories have failed to verify their existence (5, 6) . Furthermore, the putative HIV miRNAs suffer from one or more of the following characteristics: they are not evolutionarily conserved among different strains, they are expressed at extremely low levels, and they lack any welldefined function (4, 5, 7) . Thus, a widely accepted example of any naturally-occurring RNA virus-encoded miRNA is lacking, though alternative viewpoints do exist (8) .
Infection with bovine leukemia virus (BLV) is associated with naturally arising B-cell tumors in cattle, and experimentally induced tumors in sheep (reviewed in ref. 9) . A complete understanding of how BLV induces tumorigenesis remains enigmatic, particularly as most of these tumor cells are positive for an integrated BLV proviral genome but lack abundant expression of BLV-encoded RNA polymerase II (pol II) transcripts or proteins (9) (10) (11) . Using an algorithm designed to identify RNA polymerase III (pol III)-encoded miRNAs as our starting point, we identify a cluster of five miRNAs expressed from the BLV genome. Unlike most host miRNAs, these miRNAs are not processed by the endonuclease Drosha, and this allows the viral pol II genomic and mRNA transcripts to escape cleavage. One of these miRNAs, BLV-miR-B4, shares perfect identity with the target-specifying portion (seed region, nucleotides 2-8) of the host miRNA, miR-29. We demonstrate that both BLV-miR-B4 and bovine miR-29a target two transcripts previously associated with miR-29-induced B-cell tumorigenesis in mice (12, 13) . The implications of these results with regards to BLV-induced tumorigenesis are discussed.
Results
The vast majority of known miRNAs are transcribed by pol II. The one clear exception to this comes from a virus-the murine herpesvirus 68 (MHV68)-which encodes numerous miRNAs derived from pol III-transcribed tRNA-like precursor structures (6) . We reasoned it is likely that other viruses might also use pol III to generate miRNAs, and therefore developed an algorithm to predict such miRNAs (Fig. S1 ). The algorithm takes into account common features of the RNA pol III class II promoter and terminator sequences (14) combined with structural-based ab initio precursor miRNA (pre-miRNA) prediction. We designed the promoterprediction portion of the algorithm based on the sequences of tRNA, Alu elements, 7SL, vaRNAs, and MHV68 tRNA-like miRNAs. As numerous families of DNA viruses have already been extensively probed for miRNA expression (3), and retroviruses are the only RNA viruses with a DNA intermediate in their replication cycle, we chose to focus our initial efforts on the Retroviridae. We applied the algorithm to all retroviral reference genome sequences in the National Center for Biotechnology Information (NCBI) genome collection. Interestingly, we observed predicted pol III miRNA genes for a number of Spumaviruses and only a single member of the Orthoretrovirinae, BLV, a delta retrovirus (Table  S1) . We synthesized predicted genes for candidate miRNAs from macaque simian foamy virus and BLV (Fig. 1A and Fig. S2A ), including the putative pol III promoter and terminator, into a vector lacking a mammalian promoter. We then transfected HEK293T cells, harvested RNA, and screened for miRNA expression via Northern blot analysis. This analysis failed to identify any miRNAs from the macaque simian foamy virus (Fig. S2B) ; however, we readily detected a strong signal deriving from a discrete band for the BLV miRNA candidate (Fig. 1B) . To better map this candidate miRNA, we conducted next-generation sequencing on small RNAs from our transfection experiments. This analysis again failed to identify any miRNAs from the macaque simian foamy virus (Fig.  S2C ), but produced reads consistent with miRNA production from the BLV candidate that mapped to the predicted stem-loop structures (Fig. 1C) . Thus, these results provided one line of evidence that BLV encodes a miRNA.
To investigate whether the predicted miRNA is expressed in the context of BLV-infected cells, we conducted high-throughput small RNA profiling on the BL3.1 cell line, a bovine B-cell line that is persistently infected and shedding low levels of BLV (15) . We not only confirmed the expression of our computationally predicted candidate miRNAs (sequences corresponding to SL1 and SL2 are now referred to as miRs-B4 and B5 for consistency with viral miRNA nomenclature), but also identified abundant sequence reads that mapped additional putative BLV miRNAs from five total hairpin precursor structures ( Fig. 2A, Fig. S3 , and Table S2 ). Importantly, some of the BLV candidate miRNAs are more abundant than most host miRNAs, supporting their likely biological relevance (Table S3 ). All of these candidate miRNAs map
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Next, we assayed two different cell lines persistently infected with BLV for expression of these candidate miRNAs. Total RNA was harvested from BL3.1 and the fetal lamb kidney (FLK) cell line chronically infected with BLV (FLK-BLV) and Northern blot analysis was conducted. This analysis confirmed the existence of the abundantly mapped small RNAs for all five candidate miRNAs in the BL3.1 cell line; additionally, we were able to detect the star strands (less abundant processed derivatives) from two of the five Fig. 1 . A combined computational and synthetic approach identifies a candidate BLV-encoded miRNA. (A) Schematic of the organization of the predicted and synthesized BLV miRNA gene region. The predicted A Box-like, B Box-like, and terminator-like sequences are represented by black, gray, and white triangles respectively. Predicted stem-loop structures (SL1 and SL2) are indicated with white arrows, and Mfold RNA secondary-structure predictions for the predicted miRNA stem-loop sequences are presented below. The genomic coordinates refer to BLV reference sequence NC_001414. (B) Northern blot analysis of 293T cells transfected with the synthetic BLV miRNA gene construct (SG lanes) or negative control empty vector (NC lanes). As a load control and to provide a rough comparison of levels to a host miRNA, blots were stripped and reprobed for host mir-19a. An additional load control is ethidium bromide-stained low molecular weight RNA. (C) Small RNA profiling of 293T cells transfected with the synthetic BLV miRNA gene construct plotted as previously described (44) . The vertical axis depicts small RNA read coverage observed; the horizontal axis shows the relative position within the synthetic gene sequence. Stem-loops SL1 and SL2 correspond to miRNAs BLV miR-B4 and B5 in subsequent analysis. precursor structures (Fig. 2B ). Furthermore, we were able to detect the majority of these small RNAs in the FLK-BLV cell line (Fig.  S4 ). The fact that we clearly map and detect small RNA derivatives from predicted hairpin structures that resemble known pre-miRNAs is consistent with these candidates being bona fide miRNAs.
We examined the evolutionary conservation of the viral-derived miRNAs by aligning all NCBI-deposited full-length BLV genomic sequences along with the sequence of the miRNA-encoding region that we cloned from the BL3.1 cell line. Interestingly, the identified miRNAs appear to be well-conserved across isolates and the seed sequences of the predominant arms for four of the five miRNAs are identical across all examined isolates (Fig. S5A) . We hypothesized that all of the BLV miRNAs are derived via pol III transcription and reasoned that the putative pol III promoter and terminator elements should be conserved across the viral isolates. Therefore, we searched for promoter-like and terminatorlike sequences across the alignment (Fig. S5B) . Indeed, the majority of these elements are conserved. Notably, predicted and conserved A Box sequences are present in every pre-miRNA stem loop and at least partially overlap the 5p arm of each. The fact that both the miRNA sequences and their associated predicted promoter and terminator sequences are well-conserved across all deposited BLV isolates is consistent with one or more conserved functional roles for the newly identified BLV miRNAs.
After examination of the miRNA sequences, we noted that the original computationally predicted miRNA, BLV-miR-B4-3p, shares nucleotide identity with the host miRNA family miR-29 in nucleotide positions 1-8 (Fig. S5) . Importantly, this region encompasses the so-called "seed" region of the miRNA, which is of great importance in specifying complementary direct miRNA: mRNA target associations (16) . Although the majority of virusencoded miRNAs do not share any sequence identity with host miRNAs (3), there are a few important examples that do (17) (18) (19) . Because our findings suggest that BLV-miR-B4 functions as a likely analog to the host miRNA miR-29a, we focused our efforts on better understanding this miRNA.
We first explored our initial predictions of whether BLV-miR-B4 is transcribed by pol III. We used a previously published strategy (20) : treatment of HEK293T cells with the appropriate concentration of α-amanitin is sufficient to block pol II-mediated transcription but not pol III. We transfected cells with the plasmid expressing BLV-miR-B4 from its endogenous promoter in the presence or absence of α-amanitin. As shown in Fig. 3A , α-amanitin inhibits both the pre-miRNA and mature miRNA of the pol IItranscribed SV40 miRNA. As expected, expression of the control pol III-derived MHV68 miR-M1-7 miRNA was resistant to α-amanitin treatment. Importantly, the BLV transcripts were unaffected by α-amanitin treatment, thus supporting our initial pol III prediction (Fig. 3A) . As an independent test, we generated a version of the BLV-miR-B4 expression vector, whereby three nucleotides in the predicted B Box were mutated. As expected, the B Box mutant showed severe inhibition when transfected samples were assayed by Northern blot analysis (Fig. 3B) . Thus, we conclude that as predicted from our algorithm, BLV-miR-B4 is transcribed by pol III.
Drosha is the endonuclease responsible for excising most premiRNA structures from pol II transcripts (21) . Previously, Bogerd et al. demonstrated that biogenesis of the MHV68 pre-miRNAs is independent of Drosha processing (20) . Because, like MHV68, the BLV primary miRNA transcripts are transcribed by pol III, we hypothesized that biogenesis of the BLV miRNAs would be independent of Drosha. We cotransfected HEK293T cells with previously characterized siRNAs against Drosha (22) and vectors expressing either the BLV miR-B4 miRNA or Drosha-dependent or -independent control miRNAs (Fig. 4A) . Knockdown of Drosha resulted in a marked decrease in the SV40 pre-miRNA with a concurrent increase in slower mobility bands that represent the primary uncleaved primary miRNA (pri-miRNA) transcripts. These results were expected because the SV40 pri-miRNA is transcribed by pol II and processed by Drosha. In contrast, knocking down Drosha had little effect on the control MHV68 or the BLV pri-miRNA and pre-miRNA transcripts (Fig. 4A) . We note that cotransfection of the Drosha siRNA also results in a slight decrease in the final Dicer product miRNA expressed from both the MHV68 and BLV vectors (Fig. 4A) . Despite this finding, unlike the SV40 construct, we never observed any increase in the pri-miRNA transcripts for MHV68 or BLV, thus ruling out a role for Drosha in processing these transcripts. We speculate that this phenomenon could result from unequal transfection or a previously unknown mechanism of cross-talk between Drosha and Dicer levels. Irrespective of this, the SV40 transcripts clearly behave differently than BLV transcripts in terms of Drosha sensitivity, and these results are internally controlled because the assay measures inverse trends in the pri-miRNA and pre-miRNAs from the same RNA samples. However, transfection of either MHV68-M1-7 (a control Dicer-dependent miRNA) or BLV-miR-B4 expression vectors in a Dicer hypomorphic cell line results in an increase of the ratio of pre-miRNA:miRNA, which is consistent with BLV miRNA biogenesis being Dicer-dependent (Fig.  S6B) . Thus, we conclude that the biogenesis of BLV-miR-B4 is Dicer-dependent but independent of Drosha processing.
It is a common notion that RNA virus genomes will not contain pre-miRNA structures to avoid endonuclease-mediated cleavage of the genome, antigenome, and mRNAs. We hypothesized that BLV uses subgenomic pol III transcripts to circumvent the need for endonucleolytic cleavage of its pol II transcripts. Although we demonstrated that the BLV miRNAs are derived from pol III transcripts via a Drosha-independent mechanism, it was still formally possible that the BLV pre-miRNA hairpin structures are susceptible to Drosha cleavage in the context of pol II transcripts. To test the susceptibility of pol II transcripts containing the BLV pre-miRNAs, we took advantage of an assay that we had previously developed (23) . Drosha and its binding partner DGCR8 (together referred to as "Microprocessor") are cotransfected with luciferase constructs containing putative Drosha substrates within the 3′ UTR of the derived transcripts (Fig. 4B) . We cloned the complete BLV miRNA-encoding region (positions 6133-6739) containing all five hairpins into the 3′ UTR region of a Renilla luciferase expression vector (Fig. S6A ). This context is analogous to some viral mRNA transcripts (e.g., Gag-Pol or Env) that contain the miRNA cluster within their 3′ UTR. If Drosha is able to cleave the pri-miRNAs in the pol II context, then luciferase levels should decrease. If however, the BLV pre-miRNA hairpins are resistant to Drosha cleavage, then luciferase activity should be unaffected. The luciferase reporter vector was cotransfected with either control parental vector or Drosha/DGCR8 expression vectors. As shown in Fig. 4C , when Drosha/DGCR8 is cotransfected with the SV40 and KapB Renilla control reporters [both give rise to well-characterized Drosha-dependent viral pre-miRNAs (23, 24) ], the luciferase activity significantly decreases. However, no decrease was observed for the reporter constructs containing the control Drosha-independent MHV68-M1-7 premiRNA. Importantly, the luciferase levels from the reporter containing the entire BLV miRNA cassette did not decrease upon cotransfection of Drosha/DGCR8 (Fig. 4C) . This result demonstrates that Drosha does not cleave RNA polymerase II transcripts containing the BLV pre-miRNAs. To further confirm these results via an independent assay, we conducted Northern blot analysis on cells transfected with the various luciferase reporters in the presence or absence of exogenous Microprocessor (Fig. 4D) . Increased Drosha activity led to readily detectable increased premiRNA and miRNA bands from the SV40 pre-miRNA, consistent with the SV40 pre-miRNA being a product of Drosha cleavage. However, no increase was observed for the control MHV68 pre-miRNA or the BLV pre-miRNA (Fig. 4D) . Combined, these results show that the BLV miRNAs are not efficiently processed from pol II transcripts.
To determine whether BLV-miR-B4 is biologically functional, RNA-induced silencing complex (RISC) activity was measured via luciferase assay. To allow sensitive detection, two perfectly complementary target sites were cloned into the Renilla luciferase vector 3′ UTR. When the luciferase vector with the BLV-miR-B4-3p miRNA target sites was cotransfected with an empty expression vector, the Renilla luciferase activity did not significantly change (Fig. 5A) . However, when the BLV miRNA expression vector was cotransfected with the Renilla target construct, the Renilla luciferase activity was significantly reduced relative to the firefly luciferase (Fig. 5A) . These results indicate that the BLV-miR-B4 miRNA is active within the RISC complex.
The fact that BLV-miR-B4 shares a seed sequence with miR-29a strongly suggests that these miRNAs will have some overlapping targets. Independent studies have demonstrated that overexpression of miR-29a in lymphocytes is sufficient to drive hyperproliferative disorders (12, 13) . Interestingly, Pekarsky et al. (25) demonstrate that miR-29a is overexpressed in a subset of the mild form of human chronic lymphocytic leukemia (CLL) and artificial overexpression of miR-29a induces a CLL-like phenotype in mice (13, 25) . As it has been well documented that naturally and experimentally arising BLV-associated tumors also resemble the indolent form of CLL (9, 26, 27) , we wanted to test if BLV-miR-B4 would regulate host transcripts previously implicated as miR-29a targets in murine tumor-inducing studies (12, 13) . As targets, we chose HMG-box transcription factor 1 (HBP1) from Han et al. (12) and peroxidasin homolog (PXDN) from Santanam et al. (13) , both of which are tumor suppressors associated with down-regulation in B-cell tumors deriving from exogenous expression of miR-29a. We first determined if the miR-29a binding sites from these genes are conserved with the bovine genes. Indeed, the seed complement regions in the 3′ UTRs are perfectly conserved between the human, mouse, and bovine genomes (Fig. 5B) . Next, we generated chimeric luciferase reporters containing the entire bovine 3′ UTR from these genes. We cotransfected miRNA expression vectors with either of these reporters or controls containing the entire GAPDH 3′ UTR sequence or vector 3′ UTR (both lack seed complements to miR-29) or HBP1 or PXDN 3′UTRs with two nucleotide mutations in the predicted seed complementary regions. As expected, expression of the bovine miR-29a negatively regulated both reporters but not the negative controls (vector 3′ UTR, GAPDH 3′ UTR, nor either of the seed mutant 3′ UTRs) (Fig. 5C) . Expression of irrelevant pol II-or pol III-derived control miRNAs (from SV40 and MHV68, respectively) had little effect on any of these reporters (Fig. 5C) . Thus, we demonstrate that the transcript regulation first uncovered for murine miR-29a is evolutionarily conserved with the bovine transcripts. Most importantly, BLV-miR-B4 also specifically negatively regulates the bovine HBP1 and PXDN reporters (Fig.  5C ). These data demonstrate that BLV-miR-B4 shares some mRNA targets in common with miR-29a and therefore can serve as a functional analog.
Discussion
There are now over 250 known virus-encoded miRNAs and the vast majority are derived from pol II transcripts encoded by DNA viruses (3). A particular advantage for viral utilization of miRNAs is their presumed lack of immunogenicity. Although an in-depth functional understanding is lacking for most viral miRNAs, the field is progressing rapidly, with ongoing discovery of both host and viral targets. Although limited studies exist, a preliminary model suggests that DNA viruses will use miRNAs for varied activities, including: regulation of latent/persistent infection, evasion of the innate and adaptive immune responses, and promotion of cell viability (3) .
No naturally occurring RNA viral miRNAs are widely accepted [albeit several laboratory-generated RNA viruses do support miRNA or miRNA-like expression (28) (29) (30) ]. Because of the potential problem of having endonuclease-sensitive sites within the genome, it has been speculated that natural RNA virus genomes do not contain miRNAs (8, 31) . Because retroviruses have a DNA replication intermediate in their replication cycle and maintain long-term persistent infections, miRNAs could offer advantages to this class of RNA viruses similar to the roles that miRNAs play in DNA viruses. The key challenge for retroviruses would be to either tolerate some level of cis cleavage within the genome during premiRNA processing [as is the case for some laboratory retroviral expression vectors (32) ], or to evolve genomic regions that are somehow resistant to cleavage in the context of the full genome. Here, we provide evidence that BLV overcomes this obstacle by encoding for pre-miRNA structures that are only competent to be processed into miRNAs when generated from subgenomic pol IIIderived transcripts.
We designed an algorithm that identifies RNA pol III-transcribed miRNAs using both predicted gene structure and RNA secondary structural motifs. Using this bioinformatics approach, we identified BLV-miR-B4. It is worth noting that although several of the BLV miRNAs described here were missed by our initial in silico screen, all possess the hallmarks of pol III promoter elements, including the A and B Boxes and the poly T terminator. Our algorithm was originally designed to recognize pol III, class II promoters with a linear ordering of A Box, B Box, and terminator sequence. However, not all of the BLV miRNAs are predicted to follow this ordering as some predicted terminator sequences precede predicted B Box sequences (Fig. S5A) . Future endeavors will include modifications of our predictive algorithms to accommodate these observations, as well as searching for promoter elements common to the other classes of pol III promoters. Therefore, we speculate it is likely that other retroviruses exist that use pol III promoters but were missed by our algorithm. Thus, future miRNA discovery efforts should not be limited to the DNA viruses.
What is the advantage to BLV of using pol III promoters? We hypothesize that a major advantage for BLV is the ability to encode subgenomic small transcripts that can only be processed into miRNAs in this context. Because the longer pol II genomic and mRNA transcripts are resistant to endonuclease processing, this mechanism provides an effective means for generating high levels of the derivative miRNAs without negatively affecting genome or mRNA integrity. Thus, BLV miRNA biogenesis resembles some man-made retroviral shRNA vectors that use pol III transcripts (33, 34) . These vectors are effective at generating biologically active levels of small RNAs and are readily grown to high titers in a laboratory setting. Additionally, using pol III might offer some advantages in the context of lymphocytes. Although it is generally accepted that pol III promoters are less amenable to fine-tune regulation provided by pol II transcription factors, it is notable that the only other known pol III miRNAs derive from MHV68. Like BLV, MHV68 forms long-term persistent infections in B lymphocytes. Thus, the possibility that similar B-cell signaling events regulate both MHV68 and BLV microRNA production awaits future study.
BLV is associated with B-cell tumors in naturally infected cattle and experimentally infected sheep. The tumors are somewhat atypical, being of B-cell origin, but are positive for the CD5 marker (9, 35, 36) . It has been noted that cells from BLV-associated tumors in cattle do not have increased proliferation but rather have reduced turnover of CD5 + B-cells, thus contributing to the tumorigenic state (9) . This phenotype bears a striking resemblance to the indolent form of CLL, which is also a CD5 + B-cell tumor (27) . In fact, it has even been proposed that BLV-induced tumors in sheep and cattle could serve as a valuable model to better understand human CLL (26) . A mechanistic understanding of how BLV promotes tumorigenesis remains enigmatic. Essentially all tumor cells are positive for the viral genome; however, very little, if any, viral mRNAs and proteins are detected in most cells (9) (10) (11) . Our results demonstrating that one of the BLV miRNAs is a functional analog of miR-29a could provide a contributing mechanism for BLVmediated tumorigenesis. In a screen of human CLL tumors, miR29a was overexpressed (25) . Importantly, in mouse models, exogenous expression of miR-29a is sufficient to induce different classes of B-cell tumors (12, 13) . When miR-29a is exogenously driven in mice via the Emu promoter, the tumors derived strongly resemble CLL (13) . Taken together, our data support the hypothesis that BLV-miR-B4 provides a growth and survival advantage to aid in maintaining infection in vivo. In addition, BLV-miR-B2-5p also shares seed identity with host miRNA, miR-943. Although little is known regarding the function of miR-943, it is notable that miR-943 is induced when the tumor suppressor p53 activity is blocked, and is found at elevated levels in the stem population of primary human mammalian epithelial cells (37) . This finding implies a possible oncogenic role for miR-943. Finally, because necessarily all BLV-derived miRNAs share partial complementarity (and in some cases this includes perfect seed complementarity) to the BLV pol II transcripts, it is possible that the pol III-derived BLV miRNAs play a role in binding to and enforcing silencing of BLV pol II transcripts, thus contributing to the low BLV protein expression observed in BLV-associated tumors (9) (10) (11) . Future studies will directly address the role of all five BLV miRNAs in in vivo oncogenesis and the autoregulation of viral protein expression.
In summary, we demonstrate that an RNA virus expresses abundant, evolutionarily conserved miRNAs, including at least one that functions as an analog to a host oncogenic miRNA. These findings open up a role for noncoding RNAs in retroviral-associated tumorigenesis, and suggest the possibility that other retroviruses exist that use noncoding RNAs in their infectious cycles.
Materials and Methods
Small RNA Northern blot analysis was performed as described (38) . Specific probes are listed in Table S3 . Small RNA libraries for SOLiD sequencing were prepared as described previously (39) . RNA secondary structure predictions were generated using Mfold Web server (40, 41) or the RNAfold Web server (42) as indicated. Conservation of HBP1 and PXDN mir-29 target sites was assessed using Targetscan (43) . RNA polymerase III dependence assay was performed essentially as described (20) . Drosha knockdown was performed as described (44) .
Full detailed methods are provided in SI Materials and Methods.
